We used an existing analytical model of stemwood growth in relation to nitrogen supply, which we describe in an accompanying paper, to examine the long-term effects of harvesting and fire on tree growth. Our analysis takes into account the balance between nitrogen additions from deposition, fixation, and fertilizer applications, and nitrogen losses from stemwood harvesting, regeneration burning, leaching and gaseous emissions. Using a plausible set of parameter values for Eucalyptus, we conclude that nitrogen loss through fire is the main factor limiting sustainable yield, defined as the maximum mean annual stemwood volume increment obtained in the steady state, if management practices are continued indefinitely. The sustainable yield is 30 m 3 ha −1 year −1 with harvesting only, 15 m 3 ha −1 year −1 with harvesting and regeneration burning, and 13 m 3 ha −1 year −1 with harvesting, fire, leaching and gaseous emissions combined. Our approach uses a simple graphical analysis that provides a useful framework for examining the factors affecting sustainable yield. The graphical analysis is also useful for extending the application of the present model to the effects of climate change on sustainable yield, or for interpreting the behavior of other models of sustainable forest growth.
Introduction
In managed forests, the balance between inputs and outputs of nutrients over successive rotations is a major ecological constraint on the sustainability of site productivity. As a major nutrient for plant growth, nitrogen has been extensively studied in this context. Inputs of nitrogen may occur through wet and dry atmospheric deposition, symbiotic and non-symbiotic fixation, and fertilizer applications; nitrogen may be lost through leaching and gaseous emissions, removal of harvested biomass (Turner 1981 , Raison et al. 1982 , Stewart et al. 1985 and fire (O'Connell et al. 1981 , Grove et al. 1986 , Walker et al. 1986 , Raison et al. 1990 . In Australian forests, fire is widely used to reduce accumulated fuel (and thus the risk of uncontrolled fires), to clear slash debris and to regenerate seedlings.
Understandably, most studies of the effects of fire on nitrogen budgets and cycling have been limited to time scales of months to a few years (e.g., Grove et al. 1986 , Raison et al. 1990 ). The immediate effects, such as release of mineral nitrogen through oxidation of organic matter, are usually beneficial to plant nutrition, but they occur in association with direct nitrogen losses to the atmosphere from volatilization and ash transport, in addition to indirect losses such as leaching of released nitrogen or erosion of surface soil and ash. Little is known of the cumulative effect of fire and harvesting on forest nutrition and growth over time scales spanning several rotations. As a result, models of the interactions between forest growth, fire and harvesting regimes, and nutrient balance provide valuable tools for extrapolating over these longer time scales.
In the preceding article (Dewar and McMurtrie 1996) , we described a simple process-based model of stemwood growth in relation to plant-available nitrogen supply (U o ); the model predicts the variation of stemwood volume (or carbon equivalent) with stand age for an undisturbed stand. The supply rate, U o , refers to external inputs as described above, in addition to nitrogen supplied through mineralization of organic matter. In this paper, we combine that model with simple assumptions about external nitrogen inputs and losses, focusing on removals in harvesting, regeneration burning, leaching and gaseous emissions. We use the combined model to define the term ''sustainable yield'' in an unambiguous way, and to quantify its dependence on the individual contributions to nitrogen removal. Our approach exploits a simple graphical analysis, which provides a useful general framework for examining the factors affecting sustainable yield. Dewar and McMurtrie (1996, this issue ) (hereafter referred to as DM) presented a model of stemwood growth in relation to nitrogen supply, and applied the model to predict the variation of stemwood volume (or carbon equivalent) with stand age for an unharvested stand. A complete mathematical description of the model is given in DM, and only a brief summary is given here. Symbols used, their definitions and units are listed in Table 1 . In the model, which is based on the work of McMurSustainable stemwood yield in relation to the nitrogen balance of forest plantations: a model analysis trie and Wolf (1983) and McMurtrie (1985 McMurtrie ( , 1991 , four dynamic variables are represented: stemwood carbon (c w , kg C m −2 , which includes stems, branches and coarse roots), foliage carbon (c f ) and nitrogen (n f ), and fine root carbon (c r ). Stemwood and fine roots are assumed to have fixed N/C ratios.
The model

Stemwood growth in relation to nitrogen supply
Total carbon production by trees (G, kg C m
) is given by a nitrogen-dependent light utilization coefficient multiplied by absorbed photosynthetic radiation, and is allocated to each of the three tree components in fixed proportions. Maintenance respiration in stemwood and fine roots is explicitly represented, as is senescence of all tree components; foliage maintenance respiration and all components of plant growth respiration are included implicitly in the definition of G. Nitrogen uptake by trees (U, kg N m −2 year −1
) depends on root mass and on the rate at which plant-available nitrogen is supplied (U o ):
where K r is the value of root carbon at which 50% of the available nitrogen is taken up. As discussed by DM (their Appendix A), the constant K r may be interpreted in terms of the nitrogen absorption capacity of tree roots, the intensity of competition for nitrogen from other vegetation, and the rate of nitrogen loss from the system through leaching and gaseous emissions. The rate U o represents nitrogen supplied by net mineralization (M) within the system, plus additions of nitrogen from outside the system (A) due to fertilizer inputs, atmospheric deposition, and fixation:
In DM, U o is taken to be a constant parameter throughout the life of the stand; for constant external inputs (A), this implies that M is also constant so that the model ignores variations in M with stand age associated with the dynamics of litter and soil organic matter decomposition. In this study, in order to exploit the results of DM, we will also assume that U o is constant within a given rotation. However, in the sustainability analysis ) at stand age t (years) is defined by:
where ρ is the stemwood density (kg dry matter m , with other parameter values given in DM. Stemwood carbon follows a realistic sigmoidal growth pattern, so that MAI first increases to a maximum rate (here, 18 m 3 ha −1 year −1 at t ≈ 19 years) and then gradually declines as the stand ages. In the model, this decline is caused by increasing stemwood maintenance respiration and senescence, with foliage biomass and carbon production remaining fixed after canopy closure. Alternative hypotheses for the mechanisms underlying the decline in productivity of old stands are examined by Murty et al. (1996, this issue) . To optimize the average volume output of the stand, the forest should be harvested at the age of maximum MAI. Although economic factors may be more important to a forest manager deciding when to harvest, the concept of maximum MAI continues to be widely used as a characteristic of stemwood growth in forestry yield tables. In DM it was shown that the dependence of maximum MAI (Y) on nitrogen supply (U o ) is given approximately by:
in which η w is the fraction of total carbon production (G) allocated to stemwood, G* is the equilibrium value of G at canopy closure, λ (year
) describes the rate at which G approaches G*, and µ w (year
) is the combined specific rate of stemwood maintenance respiration and senescence.
The corresponding optimal rotation length (T = stand age at maximum MAI) is given approximately by:
According to these equations, Y and T are functions of U o through the quantities G* and λ (which also depend on all the other model parameters). Dewar and McMurtrie (1996) 
Nitrogen losses due to harvesting, regeneration burn and ''leakage''
We now consider the nitrogen losses that occur over one rotation of a managed plantation that is harvested at maximum mean annual increment (i.e., when stand age = T), then subjected to a regeneration burn. The amount of nitrogen removed in harvesting (H, kg N ha −1 ) is given by:
where c w (T) is the amount of stemwood carbon at the end of the rotation, ν w is the (constant) stemwood N/C ratio, and f h is the fraction of stemwood removed from the site. Dewar and McMurtrie (1996) calculated c w (T) for a given value of nitrogen supply (U o ) during the rotation (their Equation 8).
During the regeneration burn, nitrogen is lost to the atmosphere by the combustion of standing foliage, aboveground litter, and stemwood slash that has not been removed from the site. In each case, we assume that the amount of nitrogen lost is proportional to the total fuel N content. Therefore, the nitrogen lost from burning foliage and aboveground litter (F fl 
) is:
where c f (T) and c l (T) are the amounts of foliage carbon and aboveground litter carbon at the end of the rotation, ν f (T) and ν l (T) are the corresponding N/C ratios, and f fburn and f lburn are the fractions of nitrogen lost when foliage and aboveground litter are burnt. Similarly, the amount of nitrogen lost from burning stemwood slash (F w , kg N m −2
) is: Dewar and McMurtrie (1996) , for a nitrogen supply rate U o = 100 kg N ha −1 year −1 (with other parameter values as given in their paper).
where f wburn is the corresponding fraction of nitrogen lost. Like H (Equation 5), F w can be calculated from the results of DM. In order to calculate F fl , we make the following three simplifying assumptions. First, as the predictions of the growth model show (DM), it is reasonable to assume that foliage carbon has reached its equilibrium value, c f *, corresponding to canopy closure, before the end of the rotation, so that:
where η f is the fraction of carbon production allocated to foliage, and γ f is the foliage senescence rate. Second, we make a similar assumption for aboveground leaf litter:
where c l * is the equilibrium value of litter carbon, and γ l is the leaf litter turnover rate. (In the present study, we ignore nitrogen losses from burning woody litter and understorey vegetation.) Third, we assume that the aboveground litter N/C ratio is proportional to the foliage N/C ratio, and that the foliage N/C ratio is also at its equilibrium value, ν f *, at the end of the rotation (as suggested by the results of DM), so that:
where ψ is a constant. Substituting Equations 7 into Equation 6a then gives:
in which ν f * and G* may be calculated for a given value of U o using the analytical results in DM (their Appendix B). Throughout the rotation, a constant fraction ξ of the nitrogen supply not taken up by trees is lost from the system through ''leakage,'' i.e., leaching and gaseous emissions, the remaining fraction being taken up by other vegetation. Therefore, the leakage rate (L, kg N m
where we have used Equation 1. The value of L is greatest during the early growth years when root biomass is low. In the notation of DM (their Appendix A), ξ is given by l n /(l n + σ v ), where l n and σ v are parameters describing the intrinsic leakage rate and the intensity of competition for nitrogen from other vegetation, respectively. The value of ξ is generally small in the dry conditions that exist in many Australian forests. Equation 3b gives the stemwood yield at harvest (of which a fraction f h is removed from site), and Equations 5--9 describe the nitrogen losses from the system, during a single rotation for a given constant nitrogen supply rate (U o ). In the following section we will consider the long-term consequences of these nitrogen losses for stemwood yield, due to changes in U o over successive rotations.
Sustainable yield
Definition
We adopt a definition of sustainable yield (Y s ) that is based solely on the ecophysiological constraints on the long-term productivity of a given forest stand. Our definition does not address issues of conservation of biological and genetic diversity (e.g., Franklin et al. 1989) , or wider socioeconomic aspects of sustainability, such as energy costs associated with fertilizer inputs, harvest operations, transport and processing of wood products. Figure 2 depicts the overall nitrogen balance of the system. External inputs of nitrogen from fertilizer additions, fixation and atmospheric deposition are assumed to occur at a constant rate (A), and the system is subjected to a repeated management cycle consisting of harvesting at maximum MAI, followed by regeneration burn and re-planting. Under these conditions, the supply of available nitrogen (U o , Equation 2) will in general vary from one rotation to the next, due to the effect of nitrogen removal by harvesting and fire on the input of litter to the soil (and, subsequently, on the mineralization rate M). As a result, the stemwood growth curve and the optimal rotation length in the nth rotation (c w (n) (t) and T n , respectively), will also vary with rotation number (n = 1, 2, ...).
Our aim here is not to estimate these dependences on the rotation number (n) explicitly, but only to examine the situation in the long-term limit as n → ∞. In this limit, we suggest that the system asymptotically approaches a periodic steady state in which total nitrogen losses due to harvesting, fire and leakage equal total nitrogen inputs integrated over one rotation. Thus: 
By inserting the expressions for H and F w given by Equations 5 and 6b into the steady-state nitrogen balance condition (Equation 10) and re-arranging, we obtain an expression for c w (T)/T (valid for n → ∞) which may be substituted into Equation 11, giving the sustainable yield as:
where the values of T, F fl and L are those in the steady state (n = ∞).
In order to calculate Y s using Equation 12, we need to know the steady-state values of the optimal rotation length (T), the amount of nitrogen lost when foliage and aboveground litter are burnt (F fl ), and the integral of the leakage rate (L) over a rotation length. Each of these quantities may be expressed in terms of the steady-state nitrogen supply rate (U o ), using Equations 1, 4, 8 and 9 in combination with the analytical results of DM. In other words, Equation 12 may be expressed as a relationship between Y s and U o , which holds in the steady state:
Here, Ω(U o ) is the rotation-averaged rate of nitrogen loss from burning foliage and aboveground litter, and from leakage: 
We call Y s (U o ) ''the steady-state N balance constraint on yield.'' This constraint is simply the steady state nitrogen balance condition (Equation 10) re-expressed as a relationship between sustainable stemwood yield and nitrogen supply. We call Y(U o ) the ''growth response constraint on yield.'' This constraint is satisfied in each rotation. Sustainable yield must satisfy both of these ecological constraints.
Graphical analysis
Equation 14 may be solved graphically by finding the intersection point of the two curves defined by the steady-state N balance constraint and the growth response constraint. Figure (Figure 2 ). An increase in U o is associated with an increase in Ω(U o ) and hence (in the steady state) a decrease in Y s .
Above the steady-state N balance constraint curve (e.g., at the point marked A1 in Figure 3a) , total nitrogen losses exceed inputs; if, as a result, the nitrogen supply (U o ) in the next rotation is reduced, then the system will move down the growth response curve (e.g., to point A2). Below the N balance constraint curve, the opposite occurs (e.g., giving the sequence B1, B2, ...). In either case, the system eventually approaches a steady state given by the point of intersection (point SS) of the two constraint curves; the sustainable yield is given by the height of SS above the horizontal axis.
Numerical examples for three rates of nitrogen removal
We now examine the yield sustained by a given rate of nitrogen additions (A) for the following set of scenarios representing increasing amounts of nitrogen removal: (Case 1) harvesting only, (Case 2) harvesting + regeneration burn, and (Case 3) harvesting + regeneration burn + leakage. The graphical solution to Equation 14 for each case is shown in Figure 3b , where the parameter values in Table 2 have been used. These parameter values have been taken mostly from studies of Eucalyptus diversicolor F.J. Muell. and Eucalyptus marginata J. Donn. growing in Western Australia. However, the values used have been chosen to illustrate the general behavior of the model, and the model outputs do not closely represent any particular species.
Case 1: harvesting only
In this case, Ω(U o ) = 0 and f wburn = 0, so that Equation 13a reduces to:
independent of U o , giving a horizontal line for the steady-state N balance constraint curve (Figure 3b ). This reflects that, in the absence of U o -dependent nitrogen losses from fire and leakage, Equation 10 implies that the steady-state, rotation-averaged rate of nitrogen loss from harvesting (i.e., H/T, which, from Equations 5 and 11, is proportional to Y s ) must equal the nitrogen addition rate (A), as indicated in Figure 4a . With standard parameter values ( ; this corresponds to the point marked A in Figure 3b , where U o = 181 kg N ha −1 year −1 and so (from Equation 2 and Table 2 ) the mineralization rate is M = 173 kg N ha
Case 2: harvesting and regeneration burn
In this case, Ω(U o ) is given by:
which describes an increasing function of U o (mainly due to increasing F fl rather than decreasing T, according to the results of DM). Therefore, the steady-state N balance constraint curve (Equation 13a) has a negative slope (Figure 3b ), as discussed above. At the intersection of the two constraint curves (point B, Figure 3b . Therefore, compared to Case 1 (harvesting only), the extra losses of nitrogen associated with regeneration burning reduce the sustainable yield by a factor of 2. The steady-state nitrogen budget of the system is shown in Figure 4b . In this example, the rotation-averaged nitrogen loss rates from harvesting (4.1 kg N ha
) and from regeneration burning (3.9 kg N ha
) are approximately equal. Table 3 shows the sensitivity of sustainable yield to changes in the values of individual model parameters, with Case 2 as the reference case. The effect of an increase in the rate of nitrogen addition (A) or litter turnover (γ l ) is to raise the height of the N balance constraint curve, and thus the intersection point with the growth response constraint curve. Similarly, increasing the foliage senescence rate (γ f ) raises the height of the N balance constraint curve (by reducing the amount of fuel available to burn), but also lowers the growth response constraint curve (by reducing foliage biomass and carbon production at canopy closure, see DM); however, the net effect is an increase in sustainable yield. Increases in the other parameters 2) includes external inputs (assumed constant) and net mineralization (which varies over successive rotations, but is assumed constant within each rotation). The steady-state N balance constraint is the relationship between the steady-state values of maximum MAI (Y s ) and U o , defined by the condition that N inputs to the system equal N losses summed over a rotation (Equation 13a); above this curve, N outputs exceed N inputs, so that N supply and maximum MAI will decrease over successive rotations (e.g., sequence A1, A2, ...); below this curve, the opposite occurs (e.g., sequence B1, B2, ...). In either case, the system approaches the steady state (point SS) where both constraints are satisfied; the sustainable yield is given by the height of SS above the horizontal axis. (b) Numerical examples for three scenarios of N removal: harvesting only, harvesting + regeneration burn, and harvesting + regeneration burn + leaching and gaseous emissions; points A, B and C indicate the sustainable steady states, respectively. Parameter values are given in Table 2 . Dewar and McMurtrie (1996) . Case 1 = harvesting only; Case 2 = harvesting and regeneration burn, no leakage. (1983) in Table 3 lower the height of the N balance curve; in addition, an increase in the stemwood N/C ratio (ν w ) lowers the height of the growth response curve also (e.g., see DM, their Table 4) by reducing the amount of nitrogen available for foliage production. Table 3 indicates that, for Case 2 as the reference case, Y s is most sensitive to changes in A and ν w , moderately sensitive to the harvest fraction (f h ), and least sensitive to changes in the parameters defining nitrogen losses from burning litter (f lburn , γ l , ψ), live foliage (f fburn , γ f ) and woody slash (f wburn ).
Parameter
Case 3: harvesting, regeneration burn and leakage
The inclusion of leaching and gaseous emission losses (which are positively related to nitrogen supply, see Equation 9) lowers the steady-state N balance constraint curve (which also becomes slightly steeper). As a result, the sustainable yield is reduced to 13.2 m 3 ha −1 year −1 (point C, Figure 3b ). In this example, leakage accounts for 15% of the nitrogen loss in the steady state (Figure 4c ).
Nitrogen additions required to sustain a given yield
The above analysis may be inverted to estimate the nitrogen addition rate (A) that is required to sustain a given maximum MAI in the long-term (Y s ), including the case of maintaining current yield. In the case of harvesting only (Case 1), from Equation 15 we obtain:
which predicts a linear relationship between A and Y s (Figure 5 ). More generally, Equation 13a gives:
To calculate Ω(U o ) for a given value of Y s , the required nitrogen supply rate is just the value of U o at which Y(U o ) = Y s , which may be calculated numerically by inverting Equation 3b. This value of U o is then substituted into Equation 13b to calculate Ω(U o ) (see Appendix A). Equation 18 is illustrated ), and optimal rotation length (T, year). Table 2 (with ξ = 0). The sensitivities to stemwood N/C ratio (ν w ) and foliage turnover rate (γ f ) are also shown; the reference values are ν w = 0.002 kg N kg −1 C and γ f = 0.333 year
, as given by Dewar and McMurtrie (1996) .
Parameter increased by 10%
∆Y s (%)
in Figure 5 for Case 2 (harvesting + regeneration burn). In this case, in order to sustain a given yield, the required nitrogen addition rate is approximately double the value required when the only nitrogen loss is from removal of harvested biomass (Case 1).
Discussion
Few observational studies exist of the long-term effects of harvesting and fire on tree growth. What little has been reported includes positive, negative and null responses, possibly because measurements have been made on different time scales (e.g., Balneaves 1990 , Raison et al. 1990 ). Short-term responses to fire are usually favorable to plant nutrition (which may be reflected in growth). Removal of woody litter and slash at harvest (e.g., through regeneration burn) may also be beneficial to plant nutrition in the short term; this is so because woody litter has a low N/C ratio and can immobilize large amounts of soil N (e.g., Pearson et al. 1987) . Reported longerterm growth responses tend to be more negative (e.g., Balneaves 1990). However, Abbott and Loneragan (1986) found no detectable effect of regular prescribed burning on the growth of jarrah forest. O'Connell and Grove (1991) suggested that this may reflect the fact that many ecosystems are currently buffered against disturbance by nutrient reserves in the soil.
In the long term, however, it seems inescapable that the cumulative effect of a negative net balance of nitrogen must be a reduction in the supply of plant-available nitrogen, and consequently a decrease in tree growth, until a steady state is reached in which nitrogen inputs balance outputs (e.g., Figure 3a, sequence A1, A2 , ..., SS). An analogous conclusion applies if nitrogen additions were to exceed current losses, resulting in an increase in tree growth toward the steady state (e.g., Figure 3a , sequence B1, B2, ..., SS).
We have examined sustainable yield purely as a steady-state problem. As a result, we can say nothing about how long the system takes to approach the steady state, or about the likely magnitude of changes in nitrogen supply and productivity from one rotation to the next (the sequences A1, A2, ... and B1, B2, ... in Figure 3a are purely schematic examples). To address these questions would require using a model that links plant and soil nutrient cycling in a dynamic fashion (e.g., King 1995) . The advantage of the steady-state analysis, however, is that we do not need to know any details about the dynamics of nitrogen cycling in the soil and its response to harvesting and fire. Instead, the condition for steady-state N balance (Equation 10), when combined with the growth response predicted by DM (Equation 3b ), provides a sufficient constraint on the steady-state mineralization rate to determine the sustainable yield.
Our analysis suggests that, for Eucalyptus, the most important factor that limits long-term sustainable yield is likely to be fire (here, regeneration burning). In the examples illustrated in Figure 3b , harvesting alone results in a relatively large sustainable yield (≈ 30 m 3 ha
), which is decreased by a factor of 2 when N removals from regeneration burning are included. Leaching and gaseous emissions (which represent relatively small fluxes in many Australian forests) play a minor role. In addition, the sensitivity analysis (Table 3) shows that reliable estimates of the nitrogen addition rate (A) and stemwood N/C ratio (ν w ) are required to quantify sustainable yield. Figure 3 is analogous to Comins and McMurtrie's (1993) graphical prediction of the equilibrium net primary productivity of unmanaged forests (see their Figure 6 ). Their ''N-cycling constraint'' is equivalent to our steady-state N balance constraint, both being based on the conservation of nitrogen at equilibrium (or rotation-averaged steady state, as here). Their ''photosynthetic constraint'' is analogous to our growth response constraint, although the former is based on the conservation of carbon at equilibrium, whereas the latter is based on the relationship between stemwood growth and nitrogen supply that exists in any given rotation (not just in the steady state). In Comins and McMurtrie (1993) , the constraint curves are related to leaf N/C ratio (ν f ) rather than to nitrogen supply.
As with any model, a number of assumptions underlie the predictions illustrated in Figures 3--5 (see Discussion in DM). One important assumption is that U o (Equation 2) is constant within a rotation, so that the mineralization rate (M) represents an effective rotation-averaged value. As a result, the predicted response of tree growth to nitrogen supply does not take into account within-rotation variations in M (associated with the dynamics of litter and soil decomposition), which may be important for nitrogen uptake by trees, especially around canopy closure. The numerical predictions do not include the effects of mechanical disturbance and compaction of soil, prescribed fuel-reduction burning, or feedbacks between fire and the activity of nitrogen-fixing legumes (here, A is a constant). Also, we have assumed that standard silvicultural practice applies whereby the stand is harvested at maximum MAI, and have not considered the implications of treating the rotation length as a free parameter.
Nevertheless, the graphical analysis presented here is sufficiently general to provide a useful framework for incorporating Table 2. some of these factors and examining their effects on sustainable yield. This analysis may also be useful for extending the application of the present model to the effects of climate change and increases in atmospheric CO 2 concentrations on sustainable yield, or for interpreting the behavior of more complex models of sustainable forest growth (e.g., King 1995) .
Appendix A. Evaluation of Ω Ω(Uo)
The rate of nitrogen loss (Ω(U o )) from burning foliage and aboveground litter, and from leakage, averaged over one rotation, is given by Equation 13b:
Here, U o (kg N m −2 year −1
) is the nitrogen supply rate (Equation 2), T (year) is the optimal rotation length, F fl (kg N m ) is the rate of nitrogen loss from leaching and gaseous emissions, and the integral is with respect to stand age (T) over one rotation length. Each of the quantities T, F fl and L can be evaluated analytically as functions of U o using the results of the stemwood growth model of DM. 
where c r (t, U o ) is the amount of fine root carbon at stand age t and nitrogen supply rate U o , and is given from the model of DM by:
where η r is the fraction of carbon production allocated to fine roots, and µ r is the combined specific rate of fine root maintenance respiration and senescence. Combining Equations A2 and A3, the integration of L in Equation A1 can be performed numerically for a given value of U o.
